Background: Wheezing is common in early childhood and remains an important health concern. The aim of this study was to assess the lung function of wheezing infants and to investigate the relationship between lung function and respiratory outcome. Methods: Infants <2 years of age with acute lower respiratory tract infection (ALRTI) who had undergone lung function tests were included in the study. They were assigned to wheeze or no wheeze group based on physical examination. Infants without any respiratory diseases were enrolled as controls. Lung function was measured during the acute phase and 3 months after ALRTI. One-year follow-up for infants with ALRTI was achieved. Results: A total of 252 infants with ALRTI who had acceptable data regarding tidal breathing were included in the final analysis. Compared with the control and the no wheeze groups, infants in the wheeze group had significantly decreased time to peak tidal expiratory flow as a percentage of total expiratory time (TPTEF/TE) (20.1 ± 6.4% vs. 34.4 ± 6.2% and 26.4 ± 8.3%, respectively, P < 0.0001) and significantly increased peak tidal expiratory flow (PTEF) (90.7 ± 26.3 ml/s vs. 79.3 ± 18.4 ml/s and 86.1 ± 28.0 ml/s, respectively, P < 0.01), sReff and Reff. The infants in the wheeze group still had lower TPTEF/TE and volume to peak tidal expiratory flow as a percentage of total expiratory volume (VPTEF/VE) than the no wheeze infants 3 months after the ALRTI. Moreover, there was a significant inverse relationship between TPTEF/TE, VPTEF/VE, and the recurrence of wheezing and pneumonia. Conclusions: Impaired lung function was present in wheezing infants with ALRTI and the deficits persisted. In addition, the lower level of TPTEF/TE and VPTEF/VE was a risk factor for poor respiratory outcome.
Worldwide, many studies have reported a high prevalence of early life wheezing. Approximately, one in three children has at least one episode of wheezing before their third birthday, [1] and the prevalence of wheezing has been increasing significantly in recent years. [2] Moreover, most cases of persistent wheezing and asthma begin during early childhood. [3] Preschool children with wheezing consume a disproportionately high amount of health-care resources compared to adults with asthma. [4] It is well documented that bronchiolitis in infancy increases the risk of asthma in childhood and even in adulthood. [5, 6] Acute lower respiratory tract infection (ALRTI) due to respiratory syncytial virus [7] and rhinovirus [8] in early life has been implicated as contributing to asthma. In recent years, significant evidence from birth cohort studies has been indicating that reduced neonatal lung function and increased airway responsiveness are associated with respiratory symptoms and asthma later in life. [9] [10] [11] [12] [13] However, due to the difficulty in performing a routine lung function test, relatively little is known about the lung function in infants with wheezing after respiratory infection. In addition, the natural history of wheezing after respiratory infection has not been studied extensively, and the relationship between wheezing, pulmonary outcomes, and atopy is poorly understood.
Wheezing infants form a heterogeneous group with different phenotypes and with different outcomes; [6, 14, 15] different phenotypes predict different outcomes and may require different management strategies. However, the phenotypes' classification is based on longitudinal symptomatology, and good predictors that allow prospective prediction are not available for wheezing infants. Therefore, it is important to identify predictors that are simple and more practical for clinical practice.
The aim of the present study was to investigate the lung function of wheezing infants with ALRTI and its changes after recovery and to further explore the role of lung function in predicting the respiratory outcome.
MEthoDs
Patients seen at the outpatient Department of Respiration at the Children's Hospital of Fudan University from February 1, 2010, to January 31, 2013, were enrolled in the study. Inclusion criteria were as follows: (1) infants with ALRTI, (2) age <2 years (excluding neonates), (3) no respiratory tract infection in the preceding 2 months, and (4) informed consent for lung function tests obtained from their parents. ALRTI was defined according to the World Health Organization definition, and infants were eligible if they had clinical (fever, cough, tachypnea, or abnormal auscultatory findings) or radiologic evidence of ALRTI. [16] Exclusion criteria were as follows: (1) gestational age <36 weeks, (2) major congenital abnormalities, and (3) infants with previously wheezing, bronchopulmonary dysplasia, bronchiolitis obliterans, tuberculosis, immune defect, and with lung and airway malformations. The patients included were assigned to the wheeze or no wheeze group based on physical examination by an experienced respiratory pediatrician.
Infants <2 years of age who presented to the Department of Child Health Care without any respiratory or cardiac disease were enrolled as controls. Infants who have upper or lower respiratory tract infection in the preceding 2 months of lung function tests were excluded from the study.
Informed consent was obtained from the parents before enrolling of the infants, and ethical approval was granted by the Research Ethics Committee of Children's Hospital of Fudan University (REC Number 276/97, 307/97, 089/99, 125/98, and 06/Q1702/104).
Baseline characteristics and follow-up data collection
Data on general information and clinical characteristics were collected by trained staff using a standard case report form, which included demographic characteristics, pre-and perinatal factors, parental demographics, social background, disease history, clinical presentation, primary disease diagnosis, accessory examinations, and treatment.
One-year follow-up for infants with ALRTI was performed by questionnaires. In each questionnaire, parents were asked about the recurrence of coughing and wheezing, readmissions, and occurrence of allergic diseases such as atopic eczema and rhinitis. Atopic eczema was defined as the current diagnosis made by a pediatric dermatologist. Allergic rhinitis was defined as a physician diagnosis of allergic rhinitis for which the child had taken medicine for that condition. The recurrence of wheezing is confirmed by pediatricians through physical examination. In addition, the anthropometrics and environmental factors including feeding patterns, second-hand smoking, siblings, and pets were also determined.
Pulmonary function tests
All the infants were sedated with orally administered chloral hydrate (30-50 mg/kg) prior to testing. During pulmonary function testing, the infants were lying supine with the head midline and the neck slightly extended to minimize airway or glottis obstruction. Pulmonary function tests were performed using the Jaeger MasterScreen BabyBody device (Erich Jaeger GmbH, v4.65, Würzburg, Germany) with a size 1 or size 2 mask in adherence with the American Thoracic Society/European Respiratory Society recommendations. [17] [18] [19] Measurement of tidal breathing, plethysmographic parameters including specific effective airway resistance (sReff), and functional residual capacity (FRC) were obtained according to international guidelines. [20, 21] The main parameters of tidal breathing include tidal volume (VT), respiratory rate, time-to-peak tidal expiratory flow as a percentage of total expiratory time (TPTEF/TE), volume-to-peak tidal expiratory flow as a percentage of total expiratory volume peak tidal expiratory flow (VPTEF/VE), peak tidal expiratory flow (PTEF), and expiratory flow at 25% tidal volume (TEF25). Data of infants who failed to meet quality control standards of plethysmography testing were excluded from the analysis.
Lung function measurements of infants with ALRTI were conducted 1 day after diagnosis during the acute phase and 3 months after the first lung function test. Lung function tests were performed 1 day after enrollment in the control infants.
Statistical analysis
Continuous variables were expressed as mean (standard deviation) or median (inter quartile range). Categorical variables were presented as n (%). Student's t-test or Mann-Whitney U-test was used to compare differences between two groups, while one-way analysis of variance (ANOVA) or Kruskal-Wallis H-test was used to compare differences between groups for continuous variables. Univariate analyses on categorical data were performed using Chi-square test or Fisher's exact test when appropriate. Comparison between the first and follow-up pulmonary function parameters of the children was performed using the Wilcoxon rank-sum test. Pearson's correlation test was used for obtaining correlations between two variables. SPSS software version 17.0 (IBM Corporation, NY, USA) was used for statistical analysis. A value of P < 0.05 was considered statistically significant.
rEsults

Patient characteristics
The study profile is shown in Figure 1 . During the study period, 1859 infants with ALRTI were seen in the outpatient Department of Respiration of the Children's Hospital of Fudan University. In total, 273 (14.7%) infants with ALRTI were included in this study. In addition, 133 children without respiratory disease were included as the control group.
Of the 273 infants with ALRTI, 252 (92.3%) infants who had acceptable data on tidal breathing were included in the final analysis, while 21 (7.7%) infants were excluded due to unacceptable measurements. Lung function data in the control group were all technically acceptable. Of the 252 infants for final analysis, 126 infants were classified as the wheeze group and the other 126 infants as the no wheeze group. All the infants with ALRTI completed 1-year follow-up. Of these infants, 103 (53 in wheeze group and 50 in no wheeze group) completed the follow-up lung function tests 3 months later, which were technically satisfactory.
The baseline characteristics of the study population are summarized in Table 1 . There was no difference in birth weight, sex, feeding practices, and household tobacco smoke exposure. All the infants with ALRTI had an acute course <5 days. There was no difference in the proportion of pneumonia infants between the wheeze and the no wheeze group (22/126 vs. 20/126). Moreover, no difference was found in the monthly distribution between the two groups [ Figure 2 ].
However, the gestational age was higher in the control group than that of the wheeze group. The infants in the wheeze group more commonly had a family history of allergy than infants in the control group. Compared with the control group, n (%), evaluated by Chi-square test; P, differences among all the three groups; ‡ Significant differences between wheeze and the control groups; § Significant differences between no wheeze and the control groups. SD: Standard deviation; NS: Not significant. infants with ALRTI (both wheeze and no wheeze groups) had more family members and a higher incidence of underlying cardiopulmonary condition. However, no difference was observed between the wheeze and no wheeze groups.
Lung function
There was no significant difference in age or body size between the three groups. During the acute phase, the sReff and effective airway resistance (Reff) were higher in the wheeze group than the no wheeze and control groups. The FRC in the wheeze group was higher than that in the control group. However, no difference was observed in the FRC made by plethysmography between the three groups. Infants with ALRTI had lower TPTEF/TE, VPTEF/VE, and TEF25 than infants in the control group. In addition, the PTEF level was higher in ALRTI infants compared with the control group. Importantly, the TPTEF/TE and VPTEF/VE levels of infants in the wheeze group were lower than that in the no wheeze group [ Table 2 ].
Lung function tests were repeated 3 months after the ALRTI. No difference was found in the sReff, Reff, and Reff/kg between the two groups. Notably, the infants in the wheeze group still had remarkably lower TPTEF/TE and VPTEF/VE levels than infants in the no wheeze group 3 months later [ Table 3] . Moreover, the level of TEF25 was lower in wheezing infants than that of nonwheezing infants.
One-year respiratory outcomes
As expected, infants in the wheeze group had higher recurrence of wheezing (49.2% vs. 25.4%, P < 0.0001) and more wheezing exacerbations (1.73 ± 0.77/years vs. 1.38 ± 0.70/years, P = 0.031) than the infants in the no wheeze group. Interestingly, we found that infants in the wheeze group showed a higher prevalence of eczema (36.5% vs. 15.8%, P < 0.0001) than nonwheezing infants. However, no significant difference was found in allergic rhinitis between the two groups.
No difference was observed in either recurrence or readmission of respiratory infections such as bronchitis and pneumonia between the wheeze and no wheeze groups.
Association between lung function and respiratory outcomes
We found a significant inverse relationship between TPTEF/TE, VPTEF/VE, and the recurrence of wheezing. Moreover, significant inverse relationships were also observed between the levels of TPTEF/TE, VPTEF/VE, and recurrence of pneumonia [ Table 4 ]. We also found an ‡ Significant differences between wheeze and the control groups; § Significant differences between no wheeze and the control groups; || Significant differences between wheeze and no wheeze groups. SD: Standard deviation; NS: Not significant; ALRTI: Acute lower respiratory tract infection; sReff: Specific effective airway resistance; Reff: Effective airway resistance; VT: Tidal volume; RR: Respiratory rate; TPTEF/TE: Time-to-peak tidal expiratory flow as a percentage of total expiratory time; VPTEF/VE: Volume-to-peak tidal expiratory flow as a percentage of total expiratory volume; FRC P : Functional residual capacity made by plethysmography.
inverse correlation between the TPTEF/TE level and the allergy and bronchitis recurrence [ Table 4 ]. However, there was no relationship between PTEF, TEF25, and the recurrence of wheezing and lower respiratory tract infection. We also did not observe a relationship between the FRC and respiratory outcomes.
DisCussion
In this study, we found that wheezing infants had lower lung function than infants who were not wheezing, and the function was still decreased 3 months after the acute infection. Moreover, the TPTEF/TE and VPTEF/ VE were negatively associated with later respiratory outcome.
We observed that wheezing infants with lower respiratory tract infection have reduced lung function compared with control children and nonwheezing infants. Wheezing infants had increased sReff, Reff, and FRC than nonwheezing infants. Moreover, they had obvious deficits such as VT/kg, TPTEF/TE, and TEF25. The damage of plethysmographic indices was recovered 3 months later. However, the deficit in TPTEF/TE and VPTEF/VE still existed after recovery. These results suggested underlying air trapping and peripheral airway obstruction in the wheezing infants. [22] They also indicated that children with wheezing lower respiratory illness might have premorbid abnormal lung function. [14] Several recent studies have demonstrated that the lung function deficit may have already been present at a much younger age. [11] [12] [13] Thus, the reduced lung function level in wheezing infants may reflect an underlying mechanism that preceded lung function deficit due to some characteristics of the infants and might predispose them to wheezing after infections.
The infants with wheezing were at a risk of subsequent persistent wheezing as reported previously. [7] It has been suggested that a predisposition to allergies is a risk factor for wheezing. Eczema has been documented associated with the wheezing and asthma, [23] and eczema during the 1 st year of life was associated with persistent wheezing.
[1] Consistent with the previous studies, we found that wheezing infants had a higher incidence of eczema. No correlation was found between wheezing and allergic rhinitis in this study. Grad and Morgan have reported that early-onset rhinitis was associated with late-onset wheezing.
[24] Our patients were infants <2 years old, the phenotype of wheezing was different from that. Moreover, as allergic rhinitis is rare in young children, the association between wheezing and rhinitis should be evaluated in further long-term follow-up.
We found that the level of TPTEF/TE and VPTEF/VE was associated with the occurrence of wheezing and respiratory disease during the following year. Previously, studies have also shown that the level of TPTEF/TE was associated with subsequent wheezing. [1, 25] One possible explanation could be that the decreased level of TPTEF/TE might reflect reduced airway size, and the early wheezing is most likely to be associated with reduced airway caliber. Moreover, the Reff is associated with the occurrence of pneumonia. Van Putte-Katier et al. showed that a higher resistance was associated with an increased risk of coughing and wheezing. [11] There are two possible mechanisms that may contribute to this relationship. First, the abnormal TPTEF/TE and Reff reflect the reduced airway caliber, which may be contributed to the predisposition to airway spasm and respiratory tract infection. Second, many pneumonia cases in infants are due to viral infections, and the two conditions may be due to a common infective cause. [26, 27] We observed an association between PTEF, TEF25, and the occurrence of allergy diseases unexpectedly. The exact mechanism under this remains unclear. However, monitoring the lung function of symptomatic children early during a respiratory tract infection may enable physicians to identify children at risk for persistent disease and may be an important factor in modifying outcomes later in life.
There are some limitations in our study. As the study was performed in the outpatient department, the data on clinical treatment were not analyzed due to the difficulty in collecting complete patient record. However, since all the infants were treated by the same trained pediatric respiration team under the same guideline, it was a big issue that only about 50% of the infants complete the lung function 3 months later. The major reason for this is that many infants were living in the country of other provinces and towns and passed the followup of lung function at recovery phase. However, the severity of disease was comparable and there was no difference in the baseline characters between the two groups.
In conclusion, wheezing infants with respiratory infections had obvious deficits in lung function and delayed improvement during the asymptomatic stage. Moreover, the levels of TPTEF/TE and VPTEF/VE were associated with recurrent wheezing and pneumonia. Measuring lung function in symptomatic children may enable targeting of children who are most likely to benefit from treatment intervention and monitoring. Future studies should focus on elucidating the mechanism of wheezing-associated loss of lung function, and the clinical use of lung function to estimate respiratory disease outcomes in wheezing infants.
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